ABSTRACT: A large-area superhydrophobic and omnidirectional antireflective nanostructured organically modified silica coating has been designed and prepared. The coating mimics the self-cleaning property of superhydrophobic lotus leaves and omnidirectional broad band antireflectivity of moth compound eyes, simultaneously. Water contact and sliding angles of the coating are around 160°and 10°, respectively. Coating improves the transmittance of the glass substrate around 4%, when coated on a single side of a glass, in visible and near-infrared region at normal incidence angles. At oblique incidence angles (up to 60°) improvement in transmission reaches to around 8%. In addition, coatings are mechanically stable against impact of water droplets from considerable heights. We believe that our inexpensive and durable multifunctional coatings are suitable for stepping out of the laboratory to practical outdoor applications.
■ INTRODUCTION
Several biological organisms have been synthesizing functional nano-and microstructures in order to obtain desired surface property. 1, 2 Well known examples of these functional surfaces include self-cleaning surface of lotus leaves 3 and antireflection structures on moth compound eyes. 4 Lotus leaf surface comprises of micro-/nano-hierarchical structures, and the tops of these structures are coated with a thin hydrophobic wax layer. Such a hierarchically rough and low energy surface provides stable superhydrophobicity with high water contact angle, small hysteresis, and easy rolling of water droplets away from the surface. This type of superhydrophobicity can be explained according to the Cassie−Baxter model in which water droplets rest on a surface composed of air trapped in the microgrooves of a rough surface and tops of these microstructures. 5, 6 To obtain such a composite interface between water and the surface, it must be roughened conveniently and coated with low surface free energy materials. 7, 8 An ordered hexagonal array of subwavelength nipples on moth compound eyes, on the other hand, results in antireflection over a broad range of wavelengths by eliminating the destructive interference between air−array and array−surface interfaces. 4 Inspired from such biological examples, many successful approaches have been developed to prepare functional surfaces with self-cleaning or antireflection property, using lithographic methods, 9−13 deposition of micro-/nanoparticles, 14−17 phase separation in polymers, 18−20 layer by layer deposition methods, 21−23 and sol−gel methods. 24−28 On the other hand, an optically transparent surface (e.g., glass, quartz, and PMMA) that exhibits both self-cleaning and antireflection features would be very beneficial in many applications such as solar cells, LEDs, and optical lenses since such highly transparent and water repellent surfaces can improve the device performance by eliminating the reflection losses and also offer low cost maintenance due to the selfcleaning property. 29 However, the challenge in preparing such multifunctional surfaces is to balance the high surface roughness requirement of superhydrophobic coatings with the low surface roughness requirement of antireflection coatings. 30 Therefore, to prepare antireflective and superhydrophobic surfaces, roughness must be optimized; it must be small enough to avoid diffuse reflection from the surface and high enough to provide superhydrophobicity. Although some groups have prepared surfaces combining the superhydrophobicity and high light transmission, 31−39 there are still several drawbacks that hinder the practical outdoor applications of such multifunctional coatings. First of all, mechanical and thermal durability, which are essential for outdoor applications, are not sufficient or even not investigated for most of the coatings. Also, among such multifunctional coatings, highly water repellent ones generally exhibit antireflection property in a narrow range of wavelengths, or they can even diminish the light transmission of their substrates especially at low wavelengths (<500 nm) because of their rough surfaces. On the contrary, the coatings with high antireflectivity generally demonstrate poor water repellency, with low water contact angles and high sliding angles. In addition, most of the multifunctional surface fabrication methods are multistep and require expensive and sophisticated equipments. To our knowledge, all of the reported self-cleaning antireflection surfaces possess at least one of the above-mentioned drawbacks. Therefore, inexpensive and facile large-area fabrication methods are still needed for production of robust self-cleaning antireflection surfaces with good water repellency and broadband (in visible and near-infrared (NIR) region) and omnidirectional (broad range of incidence angles) antireflective property.
In this context, we report the large-area fabrication of selfcleaning antireflection glass surfaces using an inexpensive spin coating method which utilizes nanostructured organically modified silica (ormosil) colloids (Figure 1 ). The multifunctional surface consists of three ormosil layers, which have gradually increasing refractive indices from air/coating interface to coating/substrate interface. The multilayered structure provides omnidirectional antireflection property (up to incidence angles of 60°) in both visible and near-infrared wavelengths. The diversity in the nanostructure of synthesized ormosil colloids enables adjustment of the surface roughness of the layered structure to obtain superhydrophobicity without causing considerable light scattering. Water droplets easily roll off from its surface at around 10°tilting indicating good water repellency (contact angle is close to 160°). Furthermore, coatings are highly durable against impact of water droplets from considerable heights and acidic/basic environments.
■ EXPERIMENTAL SECTION
Materials. Tetraetyl orthosilicate (TEOS), tetramethyl orthosilicate (TMOS), methyltrimethoxysilane (MTMS), oxalic acid, and ammonium hydroxide (25%) were purchased from Merck (Germany), ethanol and hydrochloric acid (37%) (HCl) were purchased from Sigma-Aldrich (U.S.A.), and methanol was purchased from Carlo-Erba (Italy). All chemicals were used as received.
Preparation of Nanoporous Ormosil Coatings. To prepare ormosil coatings first ormosil gels were synthesized by modifying a previously reported method. 40 In the first step, x mL (x is between 0.4 and 1) of MTMS and 1 − x mL of TMOS were added to 9.74 mL of methanol. Then, 0.5 mL of 0.01 M aqueous oxalic acid solution was added to the solution dropwise under gentle stirring. The reaction mixture was further stirred for 30 min and left for complete hydrolysis for 24 h at room conditions. Condensation was started by dropwise addition of 0.42 mL of ammonium hydroxide (25%) and 0.19 mL of water mixture under gentle stirring, and the reaction mixture was further stirred for 15 min. Finally, the solution was poured into a polystyrene vial and left for gelation at 25°C. Gels were formed typically within one day, and they were aged for two days to strengthen the porous structure. After aging, 12 mL of methanol was added to the gels, and the resulting mixture was sonicated for 45 s at 20 W using an ultrasonic liquid homogenizer in order to obtain ormosil colloids. 26, 41 The colloids were spin coated on clean glass surfaces at 2000 rpm and dried at room temperature overnight. To increase the hydrophobicity and integrity of the coatings, they were heated to 450°C for 1 h. The colloids and corresponding coatings were named with the number in the abbreviation indicating the TMOS volume fraction in the corresponding colloid, such that TM 7.5 indicates the coating produced using the colloid containing 7.5% TMOS and 92.5% MTMS.
Preparation of Nonporous Ormosil Coatings. Nonporous ormosil coatings (NPF) were prepared by modifying the previous methods. 42, 43 In a standard procedure, 4.5 mL of MTMS (for NPF 1) or 3 mL of MTMS and 1.5 mL of TEOS (for NPF 2) were dissolved in 4.5 mL of ethanol and 0.4 mL of water, and 10 μL of 0.1 M HCl were added. The reaction mixture was stirred (250 rpm) at 60°C for 90 min. Then, 0.8 mL of 0.1 M HCl and 0.7 mL of water were added, and the reaction mixture was further stirred for 15 min at room temperature. Then, the solution was aged at 50°C for 15 min and diluted with an appropriate amount of ethanol. For example, to prepare 80 nm thick films, we added 14 mL of ethanol to the 2 mL of aged solution. Finally, 200 μL portions of diluted sol were coated on clean glass surfaces with spin coating at 2000 rpm.
Numerical Simulations. To optimize the omnidirectional broad band antireflection property of the three layer coating, we performed a set of simulations based on the finite difference time domain (FDTD) method. We used plane wave source and Bloch boundary conditions to minimize simulation time. Transmitted light collected by frequencydomain power monitor. To plot transmission as a function of wavelength of light and incidence angle, we used 94 wavelength and 61 angle points in the 340−2200 nm wavelength and 0−60°ranges. Optimum refractive indices of bottom layer, middle layer, and top layer were determined as 1.4, 1.19, and 1.1, respectively, and corresponding thicknesses were determined as top, middle, and bottom layers are 240 nm, 140 nm, and 80 nm. Bulk glass assumed to have very large thickness and its refractive index is taken as 1.51. Detailed information about simulation software was given in ref 44 .
Preparation of Three Layer Coating. We prepared three layer coating by successive spin coating of ormosil solutions at 2000 rpm. First, the nonporous ormosil layer (NPF 2) was spin coated as described above and dried at room temperature overnight. To the top of this layer, 140 nm TM 60 was coated. To give the desired thickness, 4 mL of TM 60 colloid was diluted using 3 mL of methanol. This layer was dried at 225°C for 1 h. Then, ∼240 nm TM 7.5 layer is coated to the top of the TM 60 layer. To give the desired thickness 2 mL of TM 7.5 colloid was diluted using 1 mL of methanol. Finally, coating was cured at 450°C for 1 h.
Characterization. The structures of the ormosil colloids were investigated with a transmission electron microscope (TEM, Tecnai G2 F30, FEI) operated at 200 kV. The samples were prepared on a holey carbon coated copper grid by placing a drop of the colloidal suspension used for coatings. SEM (E-SEM, Quanta 200F, FEI) was used to observe the structure of coatings at low vacuum condition or at high vacuum condition after coating the samples with 5 nm of gold− palladium or platinum. AFM (XE-100E, PSIA) was used in noncontact mode to determine the surface morphology and roughness of the coatings. Root mean square (RMS) roughness values of the coatings were calculated from three separate AFM images which were obtained from 10 × 10 μm 2 regions. An Ellipsometer (V-Vase, J. A. Woollam) was used to measure the refractive index and thickness and to collect specular reflection spectra at oblique incidence angles of the coatings. The Cauchy model (n(λ) = A + B/λ 2 + C/λ 4 ) was used to calculate the refractive index and thickness from experimental data since the films are transparent in the experimental range (400−1000 nm). Also, porosities of the coatings were calculated using the relation between refractive index and porosity. 43, 45 Optical transmission measurements were performed using a UV−vis−NIR spectrophotometer (Cary 5000, Varian). Static, advancing, and receding water contact angles of the coatings were measured using a contact angle meter (OCA 30, Dataphysics). For static contact angle measurements, water droplets of 4 μL volume were used with Laplace−Young fitting. For static contact angle measurements at different pH values, we adjusted the pH of water using 1 M NaOH or HCl solutions. Advancing and receding angles were measured by addition and subtraction of 2 μL of water to/ from the droplets of 4 μL volume which were placed to the surfaces prior to the measurements. Chemical analysis of surfaces was carried out using X-ray photoelectron spectroscopy (XPS, K-Alpha,Thermo Scientific) and a Fourier transform infrared spectrometer (FTIR, Vertex 70, Bruker). Before XPS measurements, surfaces were cleaned by using argon ion etching in order to avoid experimental errors arising from surface carbon impurities.
■ RESULTS AND DISCUSSION
Transparent Superhydrophobic Ormosil Coatings. In this work, first we synthesized a series of ormosil coatings (Table 1) representing different porous structures and surface properties in order to determine proper layers for multilayer coating design. The porous ormosil coatings were prepared using the gels of methyltrimethoxysilane (MTMS) and tetramethylorthosilicate (TMOS) monomers. 26, 40 Ormosil gels were synthesized using a two step acid−base sol−gel reaction. In the first step, monomers were diluted in methanol and hydrolyzed using oxalic acid. In the second step, condensation of hydrolyzed monomers was initiated using ammonia as the base catalyst. Condensation between two monomers resulted in formation of a siloxane bond and a water molecule. From such nucleation sites, the gel network started growth and the gels are formed within several hours to two days, depending on the monomer concentrations. 46 We observed that TMOS addition increases gelation time. After two days of aging at room conditions, ormosil colloids were prepared by breaking down gel networks using a probe sonicator. Figure 2 shows the TEM images of ormosil colloids prepared using different monomer compositions. We observed that, as the TMOS ratio increases, the grains of the ormosil network become smaller and also grain size distribution becomes narrower. The grain size distributions and average grain sizes of colloids were calculated based on TEM images (see the Supporting Information, Figure S1 ). For TM 0, prepared using only MTMS monomer, the average grain size was 26 ± 9 nm, and it reduced to 5.4 ± 1.6 nm when 60% TMOS was used (TM 60). These results revealed that the grain size distribution of ormosil colloids highly depended on the amount of MTMS monomer used in gel synthesis. 28 It is well-known that trifunctional MTMS monomer (i.e., it contains three hydrolyzable methoxy and one nonhydrolyzable methyl ligands) induces phase separation in gels due to low solubility of cyclic and cage-like structures formed during polymerization. 47, 48 The phase separation in the gels can be decreased by using some additional tetra-functional monomers such as TMOS and TEOS. 28, 49 Accordingly, ormosil colloids with smaller grains can be obtained from these less phase separated gels.
The ormosil colloids were coated on glass surfaces using spin coating method. During evaporation of solvent, the porous structure of the ormosil colloids first shrunk and then recoiled to its initial porous state due to the hydrophobic surface methyl groups. 41 Such ormosil coatings are deformable and mechanically and thermally stable and they adhere strongly to plastic (such as polyethersulfone, polyetherimide, and cellulose acetate) and glass substrates thanks to their hybrid nature. 26, 50 To further improve integrity of coatings and their adhesion to glass surfaces, coatings were cured at 450°C for 1 h.
The surface morphology of the coatings was characterized using SEM and AFM (Figure 3) . TM 0 demonstrated a macroporous and nonuniform coating formation (Figure 3a) , and its surface is very rough, rms = 124 nm (Figure 3d) . By using TMOS comonomer, more uniform and smooth coatings can be obtained (Figure 3b,c) . Also, nanoporosity of the coatings can be observed from high magnification SEM images Figure S2 ). The refractive indices and porosity percentages of all coatings are given in Table 1 . The refractive index and corresponding porosity of TM 0 were found to be 1.07 and 82%, respectively, whereas the refractive index was raised to 1.2 (porosity is 49%) for TM 60. This increase in refractive index and decrease in the porosity is because of the increasing number of surface hydroxyl groups caused by not fully condensed TMOS monomers, which make the pore surface more hydrophilic and facilitate the pore collapse during solvent evaporation. Nevertheless, even at high TMOS ratio (60%) coatings reveal significant porosity (49%). The chemical compositions of the surfaces were characterized using XPS ( Figure 4 ). As the TMOS ratio increases, reduction in the height of the carbon peak, which is corresponding to the surface methyl groups, was observed. The carbon ratio of TM 0 was around 16%; however, it was only 5.7% for TM 60. High water contact angles (WCA) and low contact angle hysteresis (CAH) are essential to obtain highly water repellent surfaces.
9 Figure 5a shows the WCA and CAH of as prepared and annealed (at 450°C) coatings. We observed high WCA and small CAH for TM 0, which were 170.2°and 2.1°, respectively. In order to demonstrate the effect of roughness on wetting, we prepared a nonporous coating using MTMS monomer (NPF 1). The surface exhibited a much lower surface roughness value (rms = 10 nm) compared to TM 0 (see the Supporting Information, Figure S3a) . Also, WCA and CAH values of NPF 1 were 101.8°and 13.2°, respectively (see the Supporting Information, Figure S3b ). The improved water repellency observed for the porous surface is due to the Cassie−Baxter type wetting of TM 0 thanks to its highly porous, rough, and hydrophobic surface. The WCA of ormosil coatings decreases gradually with increasing TMOS ratio. Also, CAH of the coatings increases after addition of TMOS monomer, with the exception of TM 60. This reduction in water repellency is due to the decreasing surface roughness and number of hydrophobic methyl groups. Also, Figure 5a revealed that surfaces became more hydrophobic after heat treatment. In order to investigate the reason of the improved hydrophobicity after heat treatment, we used FTIR spectroscopy. FTIR spectra of TM 60 before and after the heat treatment revealed that the peaks related with surface hydroxyl groups were significantly reduced (see the Supporting Information, Figure S4 ). The dehydroxylation of the surfaces after heat treatment improves the hydrophobicity of coatings. 51 Figure 5b shows the optical transmission measurement of the coatings. We observed that TMOS addition improves the optical transmission of the coatings due to the decreasing surface roughness. When we examine Figure 5a ,b in detail, we observed that TM 7.5 exhibited both optical transparency at all wavelengths between 350 and 2200 nm and superhydrophobicity with a WCA of 155°and CAH of 9°. Other coatings prepared in this work were either superhydrophobic or antireflective, but no other one exhibits both properties simultaneously. The best antireflection property was observed for TM 60 due to its refractive index and is close to the refractive index of an ideal antireflective coating for glass substrate (1.23) according to the Fresnel equation. 19 Also, it must be noted that transmission maxima of the coatings (Figure 5b ) are in the infrared region because of their high thicknesses between 300 and 500 nm, which were measured by ellipsometrically. The transmission maxima of the coatings can be tuned to visible wavelengths by decreasing the thickness of the coatings simply using more dilute ormosil colloids. 27 Multifunctional Ormosil Coating. On the basis of above the results and keeping in mind that the gradually increasing refractive index through coating is crucial to achieve broad band antireflection in normal and oblique incidence angles, 34 we designed a three layer coating through the finite difference time domain (FDTD) simulations. The thicknesses and refractive indices of layers were carefully optimized using FDTD simulations, in order to get best antireflective performance. Accordingly, 240 nm thick TM 7.5 was selected as the top layer (it exhibits superhydrophobicity with complete transparency and its refractive index is 1.11). The 140 nm TM 60 was selected as the middle layer (refractive index is 1.2). Finally, 80 nm thick nonporous ormosil film (NPF 2) having a refractive index of 1.4 was selected as the bottom layer, which was prepared using tetraethyl orthosilicate (TEOS) and MTMS monomers ( Figure 1) . 42, 43 To realize this multifunctional three layer coating, first the thickness of each layer was adjusted by diluting the ormosil suspensions (see Experimental Section,) then all layers were spin coated sequentially, and the final coating was cured at 450°C. Figure 6a shows side view SEM image of the three layer coating. Uniform bottom and middle layers and a rough top layer can be easily observed from the image. Also, the top view SEM image demonstrates high porosity of the coating (see the Supporting Information, Figure  S5 ). The average pore size of the three layer coating was calculated using this SEM image. Interestingly, we observed that the surface contains mesopores (13 ± 5 nm) and macropores (87 ± 30 nm), simultaneously. Figure 6b visualized the water droplets on the transparent superhydrophobic surface of three layer coating. Also, it can be clearly observed that three layer ormosil structure coated glass reflects less light than uncoated glass. The transmission spectrum (Figure 6c ) of three layer coating shows the broad band antireflection effect. The three layer coating on one side of the glass substrate increases the transmission of light around 4% between 350 and 2200 nm. For comparison the transmission spectrum of 140 nm thick TM 60 coated glass is also given in Figure 6c . TM 60 resulted in a transmission increase of 4% at only a specific wavelength related with its thickness, and except for this point, increase in the transmission was less than 4%. Clearly, three layer coating resulted in a significantly higher increase in transmittance compared to single TM 60 coating. The WCA and CAH of the three layer coating are 159°± 2°and 8.7°± 2.2°, respectively, indicating superhydrophobicity of the surface (Figure 6c, inset) . Also, three layer coating demonstrated low water sliding angle which was around 10°(see the Supporting Information, video S1). In order to demonstrate the self-cleaning property of the three layer coating, dust particles (carbon powder) were spread on the coating surface and then water droplets were dripped to the tilted surface. 52 We observed that dust particles were readily removed from the surface by water droplets (see the Supporting Information, video S2), indicating the self-cleaning effect of the coating. Specular reflection from the uncoated and three layer coated glass substrates were measured using spectroscopic ellipsometry at oblique angles (Figure 6d) . Reflection from the uncoated glass substrate between 400 and 1500 nm was around 4% and 9% at incidence angles of 15°and 60°, respectively. On the other hand, reflection from the three layer coated glass substrate was below 1% at most of the wavelengths and incidence angles. To further investigate the omnidirectionality of the coating, we performed FDTD simulations (Figure 6e) . The 2D transmission map of the three layer coating demonstrated that the coating provides an increase in transmission for angles up to 60°in a broad range of wavelengths. Also, simulations for uncoated and 140 nm TM 60 coated glass substrates are given in the Supporting Information, Figure S6 . The simulations demonstrated that three layer coating can more effectively eliminate reflection losses from the glass surface compared to single layer coatings at normal and oblique incidence angles.
Durability of the Three Layer Coating on Glass. Mechanical durability of the three layer coating on a glass surface was examined using water dripping and adhesive tape tests. In the water dripping test, surfaces were treated with ∼100 μL of water droplets falling from 30 cm at a rate of one drop per second (Figure 7 inset) . 32 The velocity of the water droplets reaches ∼2.5 m/s just before they hit the surface. Figure 7 shows the change in water contact angle and light transmission of the coating during the water dripping test. The transmission of the coating remained almost unaffected after the 6 h of water dripping (∼21 600 water droplets) indicating the durable antireflection property of the coating. Also, the coating remained superhydrophobic after 1 h of water dripping (contact angle ∼ 156°), and after 2 h (∼7200 water droplets), the contact angle of the surface decreases slightly below the superhydrophobic region. The stability of the superhydrophobic behavior against water dripping of our surface is comparable with a recent mechanically robust superhydrophobic surface 53 where the coating lost its superhydrophobicity after dripping of ∼12 000 water droplets falling from 10 cm (impact velocity is 1.4 m/s). The surface morphology of the three layer coating after the water dripping test was investigated using SEM and AFM (Figure 8 ). SEM and AFM images of the water treated surface revealed that coating preserved its integrity after the test. To further investigate the effects of water dripping on surfaces, RMS roughness values of the coating before and after the test were calculated using three separate AFM images, which were obtained from 10 × 10 μm 2 regions. The RMS roughness of the surface was slightly decreased to 46.3 nm from 48.1 nm after the test. This slight decrease in the roughness can be one reason of the observed decrease in the contact angle. Also, we believe that the accumulation of some organic and inorganic contaminants, which can be found in the tap water, was another important reason of this contact angle change. The mechanical durability of the coatings was also tested using an adhesive tape test, where the surface was pressed with adhesive tapes applying approximately 10 kPa and then detached. 17 After detaching of the tape, some of the adhesive material of the tape remained on the surface, which disrupted the surface properties. Therefore, it was impossible to obtain reliable contact angle measurement after the test. On the other hand, the adhesive tape test proved the strong adhesion of the coating to the glass substrate, because the remaining adhesive material on the surface indicates that adhesion between the coating and the substrate is stronger than adhesion between the adhesive layer and the tape substrate. Furthermore, it was observed that exposure to a sun ray of TM 0 for three months did not affect the wetting properties of the coating, indicating the outdoor stability of these ormosil coatings. Lastly, we investigated the chemical stability of superhydrophobicity of three layer coating at different pH values. Figure 9 shows that the contact angle of the three layer coating was stable over a broad pH range (pH 1−13) which demonstrated that three layer coating can resist to highly acidic and basic conditions.
■ CONCLUSIONS
We reported a facile method for large-area fabrication of antireflection and self-cleaning coatings on glass using nanostructured ormosil colloids. The coatings demonstrate omnidirectional antireflection in a broad range of wavelengths, covering the whole solar spectrum, and high water contact and low sliding angles. The self-cleaning property of the coating offers low cost maintenance against dirt accumulation on surfaces for outdoor optical and photovoltaic devices over the course of time. Furthermore, the coatings remained almost intact after excessive water dripping and adhesive tape tests. Also, superhydrophobicity of the coatings was stable in acidic and basic environments. In conclusion, these durable large-area multifunctional coatings hold great potential for widespread use in outdoor applications by offering efficiency improvement and low cost maintenance of devices.
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